Control and diabetic rats were fed on semi-purified high-fat diets providing a polyunsaturated/saturated fatty acid ratio (P/S) of 1.0 or 0.25, to examine the effect of diet on the fatty acid composition of major phospholipids of the adipocyte plasma membrane. Feeding the high-P/S diet (P/S = 1.0) compared with the low-P/S diet (P/S = 0.25) increased the content of polyunsaturated fatty acids in membrane phospholipids in both control and diabetic animals. The diabetic state decreased the content of polyunsaturated fatty acids, particularly arachidonic acid, in adipocyte membrane phospholipids. The decrease in arachidonic acid in membrane phospholipids of diabetic animals tended to be normalized to within the control values when high-P/S diets were given. For control animals, altered plasma-membrane composition was associated with change in insulin binding, suggesting that change in plasma-membrane composition may have physiological consequences for insulin-stimulated functions in the adipocyte.
INTRODUCTION
There is convincing evidence in animal models for several tissue types that physiological changes in the type of diet fat consumed changes cell-membrane composition by mechanisms that can involve altering activity of enzymes of fatty acid desaturation (Garg et al., 1988) and the biosynthesis of membrane phosphatidylcholine de novo (Hargreaves & Clandinin, 1987a,b) . These diet-induced alterations in membrane phospholipid composition influence the function of membrane proteins by changing the lipid environment in which these proteins function . It has also been established in man and animals that normal variation in dietary fatty acid intake can alter the fatty acid composition of adipose-tissue triacylglycerols and phospholipids (Field & Clandinin, 1984) . However, little is known about the role of the adipocyte plasmamembrane phospholipid and the influence of physiological shifts in fat intake or disease state on the composition and function of this membrane. A relationship between habitual fatty acid intake and the fatty acid composition of triacylglycerols and phospholipids in human adipose tissue has been established , and suggests that long-term intake of fat may determine the membrane lipid composition in this major organ.
Non-insulin-dependent diabetes is characterized by a cellular resistance to insulin action (Olefsky & Reaven, 1977) . Although the mechanisms for insulin resistance are not completely understood, it has been suggested to be the consequence of decreased insulin binding, owing to a decrease in functional insulin receptors (Pedersen, 1984) . In the adipocyte, alterations in insulin binding to membrane receptors have also been shown in man (Kolterman et al., 1981; Pedersen, 1984) to be altered in this form of diabetes. However, controversy exists in the literature as to the existence of this receptor defect in non-insulin-dependent diabetes (Arner et al., 1987; Lonroth et al., 1983) .
The insulin receptor is embedded in the lipid bilayer of the plasma membrane (Schlessinger et al., 1978) . In vitro, the insulin receptor (Ginsberg et al., 1981; Gould et al., 1982) and insulin function (Sandra et al., 1984) appear sensitive to the surrounding lipid environment. The nature of the fat given influenced insulin binding to receptors in erythrocytes (Gould et al., 1982) and Ehrlich ascites cells , but whole-body physiological tests of this relationship have not been reported, with one exception. When a high polyunsaturated diet was fed to diabetic rats, diet-induced alterations in the form and function of the intestine have been reported to improve the clinical state in this diabetic model (Rajotte et al., 1988) .
The diabetic state may also influence the fatty acid composition of cell membranes. Decreased contents of monounsaturated and polyunsaturated fatty acid in liver and adipose tissue have been related to diminished microsomal rates of fatty acid A6-and A9-desaturation in experimental models of diabetes mellitus (Faas & Carter, 1980; Worcester et al., 1979) . Insulin therapy appears to correct these defects in desaturase activity, and to normalize partially the altered fatty acid composition of microsomal fractions (Faas & Carter, 1980) . The physiological importance of these alterations is not clear.
On the basis of the premise that the composition of the adipocyte plasma membrane is an integral determinant of some aspects of insulin-stimulated functions in the adipocyte, the following study was designed to examine the effect of alterations in dietary fatty acid composition on the fatty acid composition ofmembrane phospholipids and on insulin binding to its receptor in the adipocyte plasma membrane. Dietary transitions representing the I(-6), sum of ()-6)-unsaturated fatty acids; 1(w -3), sum of (w -3)-unsaturated fatty acids; Isats, sum of saturated fatty acids; Emonounsats, sum of monounsaturated fatty acids; P/S, polyunsaturated/saturated fatty acid ratio.
Composition (%)
Fatty acid P/S = 1.0 P/S = 0.25 C14:0 Hargreaves & Clandinin (1987b) . The two diets differed only in the proportion of safflower oil and hydrogenated beef tallow given, to provide a polyunsaturated/saturated fatty acid ratio (P/S) of 0.25 (low P/S) or 1.0 (high P/S), as given in Table 1 . Linseed oil was added to both diets to obtain a total w3 fatty acid content of 1 % (w/w) of the diet fat.
Both diets were cholesterol-free by analysis. Animals were housed individually in a temperature-controlled room at 21 + 1°C and maintained on a 12 h-light/ 12 hdark cycle.
After the diet had been given for 14 days, diabetes was induced in half of the animals in each diet group by intravenous injection of streptozotocin (65 mg/kg body wt.; Sigma Chemical Co., St. Louis, MO, U.S.A.) in a citrate buffer, pH 4.5, into a tail vein. Only animals with non-fasting blood glucose greater than 300 mg/dl after 14 days were considered diabetic. Animals were continued on their respective diet treatment for an additional 14-24 days.
Each day, at 09:00 h (2 h after the end of the dark cycle) for a period of 10 days, an animal from each treatment group was killed by decapitation and serum collected for glucose and insulin determinations. Serum glucose and insulin were determined by using a glucose analyser (Glucose Analyzer 2; Beckman Instruments) and by radioimmunoassay (Insulin RIA 100 Kit; Pharmacia, Uppsala, Sweden) against a rat insulin standard. Epididymal fat-pads were collected and adipocytes isolated by incubation with crude collagenase (2.25 mg/g of tissue; Cooper Biomedical, Toronto, Canada) by a modification of the method of Rodbell (1964) . The modification included the use of a glucose-free KrebsRinger solution buffered with Hepes (Whitesell & Abumrad, 1985) containing 2 % (w/v) Fraction V bovine albumin (Sigma, Canada). Plasma-membrane isolation Plasma membranes were prepared from adipocytes by the method of Lewis et al. (1979) , modified to enable isolation of plasma membranes from small samples of material in 1 ml by using a Beckman TL-100 ultracentrifuge. The modification included loading the second pellet, resuspended in 200 ,u of buffer (0.25 M-sucrose, 1 mM-EDTA, 10 mM-Tris/HCl, pH 7.4) on an 800 ,ul linear gradient containing 32-52 % (w/w) sucrose, 1 mM-EDTA and 10 mM-Tris/HCI, pH 7.4, followed by centrifugation at 45000 rev./min (205780gav.) in a Beckman TLS-55 rotor for 30 min at 4°C. The white band near the top of the gradient containing the plasmamembrane fraction was collected and diluted to a volume of 1 ml in 10 mM-Tris/HCl/ 1 mM-EDTA buffer (pH 7.4) and centrifuged at 29000 rev./min (30000 gav.) for 30 min at 4°C in a Beckman TL-100 rotor. The membrane pellet was collected, resuspended in 400 ,1 of 10 mM-Tris/HCl buffer (pH 7.4) and stored at -70°C for analysis of lipid composition. Purity of this plasmamembrane fraction was assessed by assaying 5'-nucleotidase (Goldfine et al., 1977) and succinate dehydrogenase (Kun & Abood, 1949) in membrane fractions obtained from control animals fed on high-fat diets. The specific activity of 5'-nucleotidase was highest in the plasmamembrane fraction (6.46 + 0.04 ,umol of P hydrolysed/h per mg of protein), representing greater than 8-fold enrichment from cell homogenate. Succinate dehydrogenase activity was low in the plasma membrane (1.47 + 0.12 ,umol ofp-Iodonitrozolium Violet reduced/h per mg of protein), representing less than 11 00 of the activity found in the mitchondrial fraction. The purity of the plasma-membrane fraction was comparable with previous reports (Lewis et al., 1979) and was not affected by diet treatment or the diabetic state (Kahn & Cushman, 1987) . Membrane lipid analysis Lipids were extracted from plasma membranes by a modified Folch procedure (Folch et al., 1957) . This extraction procedure was modified as follows: to 400 ,tl of 10 mM-Tris/HCl buffer, pH 7.4, containing the membrane pellet, 0.8 ml of methanol, 2.0 ml of chloroform/methanol (1: 1, v/v), 2.7 ml of chloroform and 2.5 ml of chloroform/methanol (2: 1, v/v) were added in succession. The layers were split by addition of 1.6 ml of 0.1 mM-KCl. The lower phase containing the phospholipids was collected. Individual phospholipids were separated on Whatman HP-K t.l.c. plates (10 cm x 10 cm) in the solvent system chloroform/ methanol/propan-2-ol/0.25 (w/v) KCl/triethylamine (30:9:25:6:18, by vol.) (Touchstone et al., 1980) . Separated phospholipids were sprayed with 0.03 (w/v) 2',7'-dichlorofluorescein in 0.01 M-NaOH and detected by comparison under u.v. light with appropriate standards.
Phosphatidylcholine, phosphatidylethanolamine, phosphatidylserine, phosphatidylinositol and sphingomyelin fatty acid methyl esters were prepared by using 140% (w/v) BF3/methanol reagent (Morrison & Smith, 1964) 89.3 , uCi/, tg) in buffer described for cell isolation at 24 'C, pH 7.4, as described by Olefsky & Reaven (1975) in a total incubation volume of 600 ,1. Optimal steady-state binding conditions were achieved for both control and diabetic adipocytes at 24 'C after 45 min of incubation and were maintained for at least 1 h further (results not shown). Insulin binding was terminated as described by Gammeltoft & Gliemann (1973) by rapidly centrifuging 250,u1 samples from cell suspensions in polyethylene Vol. 253 microcentrifuge tubes to which 100 ,ul of silicone oil had been added in a MSE micro-centrifuge at high speed (570 g for 1 min). The cells were collected, added to 5 ml of Aquasol (New England Nuclear), and radioactivity was measured in a Beckman LS 5801 liquid-scintillation counter at a counting efficiency of 900 as determined by direct counting in a y-radiation counter. Binding was corrected for non-specific binding by incubating cells with '25I-insulin and unlabelled insulin (20 jtg/ml). The non-specific binding was 5-100 of total binding and did not vary with diet treatment or disease state. Cell numbers were determined by 24 h fixation at 36°C in 20 (w/v) OsO4in 0.05 M-collidine (made in 0.15 MNaCI) as described by Hirsch & Gallian (1968) by using a Coulter ZM counter with 400 ,tm aperture (Coulter Electronics, Vancouver, BC, Canada). Binding was calculated on a per-cell basis and expressed as total amount of insulin bound per 2.0 x 105 cells.
Statistical analysis
The effect of diet treatment and disease state on membrane phospholipid fatty acid composition and insulin binding was compared by analysis of variance procedures. A Duncan's multiple-range test was used to discriminate significant differences between individual treatment groups (Steel & Torrie, 1980) .
RESULTS

Animals
The diabetic animals weighed less, and had higher serum glucose concentrations and lower serum insulin concentrations as compared with control animals (Table  2) . Dietary lipid modification did not significantly alter these three parameters in either control or diabetic animals. Although food consumption was not measured, it has been well documented by others that diabetic animals display hyperphagia (Kobayashi & Olefsky, 1979) . Effect of diet on adipocyte plasma-membrane fatty acyl composition
In the present study, diet significantly (P < 0.05) altered the fatty acid composition of the major adipocyte plasma-membrane phospholipids in both control and diabetic animals (Table 3) . Feeding a high-polyunsaturated-fat diet (P/S = 1.0) as compared with a lowpolyunsaturated-fat diet (P/S = 0.25) increased the total polyunsaturated fatty acid content (Fig. la) and P/S ratio ( Fig. 1 b) in all five membrane phospholipids analysed from control animals. For example, consumption of the high-P/S diet by control animals increased the content ofC20 :4(5,8,11,14) fatty acid in phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine and sphingomyelin (Fig. lc) , the content of C18:2(9,12) in phosphatidylcholine and phosphatidylethanolamine, and the total number of double bonds expressed as unsaturation index in fatty acids found in phosphatidylethanolamine, phosphatidylinositol and phosphatidylserine (Table 3 ).
In diabetic animals the tendency to higher phospholipid content of polyunsaturated fatty acids in animals fed on the high-P/S diet was also evident (Fig. 1) . Feeding the high-P/S diet compared with the low-P/S diet to diabetic animals increased the polyunsaturated .n . high-P/S (P/S = 1.0) diet. For each phospholipid (*) indicates a significant effect of diet treatment (P < 0.05), (U) indicates a significant effect of disease state for animals fed on high-P/S diet (P < 0.05), and (El) indicates a significant effect of disease state for animals fed on the low-P/S diet (P < 0.05). Abbreviations used; P/S, polyunsaturated/saturated fatty acid ratio; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine; PI, phosphatidylinositol; SM, sphingomyelin; C, control; D, diabetic.
fatty acid content in phosphatidylserine and phosphatidylinositol (Fig. la) , the P/S ratio in phosphatidylethanolamine and phosphatidylinositol (Fig. lb) and the unsaturation index of phosphatidylinositol and phosphatidylethanolamine (Table 3) . A higher content of C18 :2(9,12) in phosphatidylserine (Table 3) and C20:4(5,8,11,14) in sphingomyelin (Fig. 1 c) (Table 3 ). In the present Vol. 253 study, the influence of diet on the polyunsaturated fatty acid content of membrane phospholipids was attenuated by the diabetic state, particularly in phospholipid classes obtained from animals fed on the high-P/S diet. Membranes from diabetic animals fed on the high-P/S diet exhibited significantly lower total polyunsaturated fatty acid content (Fig. la) , P/S ratio (Fig. lb) and change in unsaturation index for phosphatidylcholine, phosphatidylethanolamine and phosphatidylinositol (Table 3) compared with control animals fed on the same diet. The total polyunsaturated fatty acid content and the P/S ratio in phosphatidylcholine, phosphatidylserine and phosphatidylinositol in diabetic animals fed on the high-P/S diet were decreased to values that were not significantly different from those for control animals fed on the low P/S diet.
With the exception of C20:4(5,8,11,14) acid in phosphatidylcholine (Fig. 1c) , the total polyunsaturated, fatty acid content, P/S ratio and C204(581114) content of membrane phospholipids of diabetic animals fed on the low-P/S diet did not differ significantly from those for diet-matched control animals (Fig. 1) . Significantly lower amounts of arachidonic acid were found in phosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol and phosphatidylserine obtained from diabetic animals fed on the high-P/S diet than were observed for diet-matched control animals (Fig. 1 c) . In diabetic animals compared with control animals fed on the low-P/S diet, a significantly lower content of C20:4(5,8,11,14) acid was found in phosphatidylcholine (Fig. lc) . Effect of diet on insulin binding in normal and diabetic animals At all insulin concentrations used to test insulin binding, cells from control animals fed on the high-P/S diet bound significantly more insulin than did cells from control animals fed on the low-P/S diet (Fig. 2) . From Scatchard analysis (Fig. 2) of binding in control animals, increased insulin binding is associated with an increased number of available insulin-binding sites. An effect of diet on insulin binding was not observed when comparing adipocytes obtained from diabetic animals. At the lower insulin concentrations examined (0.1-10 ng/ml), the adipocytes from diabetic animals bound significantly more insulin than did adipocytes obtained from control animals fed on the low-P/S diet (Fig. 2) . However, at higher insulin concentrations (50 or 100 ng/ml) tested, cells from diabetic animals bound significantly less insulin than did control cells from animals fed on the high-P/S diet, but the amount of insulin bound at these concentrations did not differ from that in cells from control animals fed on the low-P/S diet.
DISCUSSION
The present study demonstrated that feeding animals on diets providing a fat content and fatty acid composition analogous to that consumed by segments of the North American population significantly altered the fatty acyl composition of the major phospholipids of the adipocyte plasma membrane in both control and diabetic animals. Individual phospholipid classes responded to dietary fatty acid manipulation to different degrees (Table 3) . Although the molecular control mechanism through which dietary fat composition influences the fatty acyl composition is unknown, differences in: rates of synthesis of phospholipids de novo (Hargreaves & Clandinin, 1987a) , redistribution of fatty acyl chains via phospholipase (Van den Bosch, 1980) or acyltransferases (Hargreaves & Clandinin, 1987b) and direct desaturation of membrane phospholipid-linked fatty acids (Garg et al., 1988) have been demonstrated to be altered by dietary fat composition. The availability of fatty acids at specific sites of synthesis may be influenced by dietary fat, as adipose tissue represents a large pool of available fatty acids, of which the composition to a large extent reflects the dietary fatty acid composition (Field & Clandinin, 1984) . The present study demonstrated that this induction of the diabetic state can rapidly alter the composition of adipocyte membranes in a manner that can to some degree be attenuated by dietary treatment. Streptozotocin-induced diabetes has been shown to decrease the synthesis of polyunsaturated fatty acids, a process which correlated with decreased activity of insulin-dependent microsomal A9 and A6 desaturation in liver (Faas & Carter, 1980; Worcester et al., 1979) . Insulin therapy has been shown to increase desaturase activity (A9 and A6) and to correct alterations in the fatty acyl composition, with the notable exception of lower contents of C20:4(5,8,1114) acid (Faas & Carter, 1980) . The present study supports the finding of lower total polyunsaturated fatty acid and C204 (5, 8, 11, 14) contents in most of the major adipocyte phospholipids from diabetic animals fed on the high-P/S diet compared with their diet-matched controls. In animals given the low-P/S diet, the total polyunsaturated fatty acid and C20:4(58,11,14) contents, with the exception of the lower arachidonic acid content in phosphatidylcholine, were not significantly decreased by the diabetic state. However, a clear effect of diet was observed between the polyunsaturated fatty acid compositions of the diabetic animals fed on high-and low-P/S diets. In the present study, the diabetic state did not produce the dramatic decreases in monounsaturated fatty acids reported by others (Faas & Carter, 1980; Worcester et al., 1979) , except for decreased contents of monounsaturated fatty acids in phosphatidylinositol from diabetic animals fed on the low-P/S diet. It is conceivable that feeding high-fat diets in the current experiment, which provided an adequate content of essential fatty acids, may have prevented this diabetesinduced change observed in monounsaturated fatty acids. The greater effect of diabetes on membranes of diabetic animals fed on the high-P/S diet might be partially explained by the observation that high polyunsaturated-fat intakes inhibit A9 and A6 desaturase activities (Garg et al., 1988; Weekes et al., 1986) .
The finding that a high-polyunsaturated-fat diet improved insulin binding to control adipocytes supports previous work in vitro utilizing cell cultures (Ginsberg et al., 1981) and reconstituted systems (Gould et al., 1982; Pilch et al., 1980) , and in vivo growing tumour cells in mice fed on different dietary fats to alter membrane lipids and insulin binding. Scatchard analysis of binding in control animals, in agreement with the finding by Ginsberg et al. (1982) , suggesting a more polyunsaturated environment, is associated with an increased number of available binding sites. The mol-ecular mechanisms by which a more polyunsaturated membrane environment improves insulin binding are not clear, but to date several hypotheses have been proposed. The accessibility of the insulin receptor for its ligand may require conformational changes in the receptor that require a more polyunsaturated environment (Gould et al., 1982) , or alterations in the quaternary structure or state of the receptor that are determined by the degree of membrane saturation . Membrane alterations have also been suggested to alter insulin action after binding by altering the mobility of the receptor within the lipid bilayer (Melchoir & Czech, 1979) , changing the activity of the enzymes involved in phosphatidylinositol turnover (Takenawa & Nagai, 1982) and decreasing the generation of a mediator produced by insulin stimulation from the plasma membrane that mimics the effect of the hormone on a variety of intracellular enzymes (Jarett & Kiechle, 1984) .
Unlike in control animals, dietary-fat treatment did not alter the amount of insulin bound by cells from diabetic animals. Despite clear resistance to insulin action, compared with control cells, insulin binding to adipocytes has been reported to be significantly increased in streptozotocin-diabetic animals fed on a high-carbohydrate low-fat diet, at both high and low insulin concentrations (Schoenle et al., 1977; Kobayashi & Olefsky, 1979; Sandra & Fyler, 1982) . This increase in binding is consistent with the concept that circulating insulin concentrations inversely regulate insulin receptors (Gavin et al., 1974) . The results of the present study suggest that feeding a high-fat diet may change the comparison between insulin binding in diabetic animals and control animals. At the lower insulin concentrations, cells from diabetic animals bound more insulin than did those of controls fed on the low-P/S diet. However, at higher insulin concentrations, where preliminary results indicate a clear defect in intracellular insulin action (Field et al., 1987) , cells of diabetic animals bound significantly less insulin than did cells from control animals fed on the high-P/S diet.
The present study demonstrates that normal variations in dietary fat intake (I) alter the composition of structural lipids found in the adipose organ, and (2) in the shortterm diabetic state alter the membrane response to a high-polyunsaturated-fatty-acid diet. These diet-induced alterations in membrane composition appear to influence insulin binding to adipocyte membranes. It is therefore logical to hypothesize that localized changes in the adipocyte plasma-membrane micro-environment may play some role in modulating insulin action within cells and may be of particular importance in dietary management of diabetes.
